T hree exons (1α, 2, and 3) of the Cdkn2a (Ink4a) gene encode spliced mRNA segments that specify the Cdk4/6 inhibitor p16 Ink4a , whereas mRNA initiated from a distinct upstream 5′ exon (1β) opens an alternative reading in Ink4a exons 2 and 3 to yield p19
Arf (1) , an inhibitor of the p53 ubiquitin ligase Mdm2 (2) (3) (4) (5) . As such, the unprecedented structure of the compact Ink4a-Arf locus, conserved in mammals, specifies two distinct tumor suppressors that interface with both the retinoblastoma protein (RB) and p53. The separate promoters upstream of exon-1α (encoding Ink4a) and exon-1β (encoding Arf) are induced by hyperproliferative signals generated by activated oncoproteins, triggering RB-and p53-dependent programs, respectively, that counter cellular self-renewal in response to oncogene stress (6, 7) . Deletion or epigenetic silencing of the Ink4a-Arf locus coordinately diminishes the tumor suppressing effects of both RB and p53 and, as would be expected, inactivation of this gene cluster is one of the most frequently observed events in human cancer.
The stability and nucleolar sequestration of p19 Arf depend on its interaction with nucleophosmin (NPM or B23), and Arf's ability to bind to either Mdm2 or NPM is determined by N-terminal amino acid residues encoded solely by exon-1β (8) (9) (10) (11) . Indeed, a small polypeptide specified by exon-1β alone is capable of interacting with NPM and Mdm2 and inducing acute p53-dependent cell cycle arrest (12, 13) . The single ORFs of the mouse (Arf) and human (ARF) mRNAs contain two, and only two, AUG codons (encoded by exon-1β) that specify methionines (M)-1 and -45 of p19
Arf (M48 in human p14 ARF ), each of which can initiate translation (14) . The N-terminally truncated protein, p15
smArf , initiated at M45 is highly unstable (14) , lacks amino acid residues required for p53 activation and NPM binding (15) , localizes to mitochondria (14) , and has been reported to trigger autophagy and/or mitophagy when overexpressed (16) (17) (18) . By generating mice that produce either p15 smArf or full-length p19 Arf alone, we have now elucidated distinct physiological roles played by the two Arf proteins.
Results and Discussion

Generation of Mouse Strains Expressing Either p19
Arf or p15 smArf Alone. RNAs encoding forward and reverse TALEN nucleases directed to spacer sequences flanking the first Arf ATG codon were injected into C57BL/6J × FvN/N mouse zygotes and yielded mosaic pups in which a 25-bp deletion, including the 5′ ATG, generated a frame-shift mutation in which translation was initiated at M45 (19) . A second strain with a single base-pair deletion immediately 3′ to the first ATG similarly initiated translation at M45 and was indistinguishable from the first. Following germline transmission of mutant Arf alleles, heterozygous progeny
Significance
Although the potent antiproliferative effects of the Arf tumor suppressor depend on p53, Arf also exhibits less well understood p53-independent activities. Arf-null mice are blind and males exhibit defective spermatogenesis, two focal anomalies not observed in Trp53-null animals. An N-terminally truncated and unstable Arf protein (smArf), translated from a second internal AUG codon within the full-length Arf mRNA, lacks amino acid residues required for p53 activation and has been reported to localize to mitochondria and trigger mitophagy. Missing potent p53-dependent tumor suppressor activity, p15 smArf can surprisingly act independently of p19 Arf to correct the focal developmental defects of Arf-null mice. The unusual features of the Ink4a-Arf (Cdkn2a) locus, which include alternative reading frames and internal translational initiation, are unprecedented in mammals.
producing both p19
Arf and p15 smArf proteins were bred to homozygosity and backcrossed through multiple generations to yield a pure (−25 bp) C57BL/6 smArf strain (>99.6% C57BL/6 at the time the following experiments were first undertaken).
To generate p15 smArf -deficient mice encoding p19 Arf alone, we initially undertook pilot experiments in which we transfected C57BL/6 embryonic stem (ES) cells with an all-in-one construct expressing Cas9 and a 5′-CTTTCGTGAACATGTTGTTG-3′ guide RNA targeting the internal Arf initiation codon (bold italic) encoding M45. Cotransfection of a 127-base single-strand oligodeoxynucleotide (ssODN) containing 5′-CTTTCGTGAACGCCCTGTTGCGC-3′ plus 31-base 5′ and 72-base 3′ homology arms was used to mutate the ATG (M) to GCC (A), to simultaneously disrupt the guide RNA-targeting site by an additional C to T substitution, and to convert the 3′ AGG PAM sequence to CGC (bold italic). The latter base substitutions were included to prevent repeated CRISPR/Cas9 nucleolytic activity at the correctly edited and recombined target site. Apart from the M45A mutation, alteration of the four additional bases within the targeted region did not change their coded amino acids. These experiments indicated that of 47 expanded ES clones subjected to Sanger sequencing, the overall indel frequency was 73%; 8 ES clones contained a correct M45A knock-in of one Arf allele and an indel in the other. Encouraged by the respectable mutational frequencies and correct gene editing achieved in ES cells, microinjections into C57BL/6 zygotes of the in vitro transcribed guide RNA and Cas9 mRNA together with the same ssODN were carried forward. Individual surrogate females each received 20 injected zygotes; when brought to term, these animals yielded 65 pups, 9 of which contained single , as demonstrated by the almost equally efficient translation of both proteins in vitro (14) . However, the relative instability of p15 smArf (t 1/2 < 60 min) in wild-type (WT) Arf +/+ cells results from its rapid proteasomal degradation, normally leading to its steady-state accumulation at less than 10% of the levels achieved by the full-length p19
Arf protein (11, 14) . This finding is consistent with previous metabolic [ 3 H]leucine "pulsechase" kinetic analyses, which demonstrated that p19
Arf mutants lacking amino acids 2-14 and 26-37 failed to bind both NPM and Mdm2 and were highly unstable (11) . By contrast, in passaged primary mouse embryo fibroblasts (MEFs) from both Arf/smArf heterozygous and smArf homozygous strains, the p15 smArf protein was readily observed (Fig. 1A) , confirming that removal of the first initiation codon significantly increases the efficiency of translation from the second (14) . Notably, the two Arf isoforms are equally detected by use of a monoclonal antibody that recognizes a conserved epitope in both polypeptides (amino acid residues 54-62 in p19 Arf ) (20) . Because the Arf promoter responds to hyperproliferative signals triggered by numerous oncoproteins (6), we Arf colocalizes in the nuclear (NUC) fraction with H3K9me1-marked histones. Fractionation experiments were performed with three independently derived MEF clones of each indicated genotype; representative data are illustrated. Fractionated organelles from whole cell lysates (WCL) were denatured in loading buffer, and equal amounts of protein loaded in each lane were separated on SDS/PAGE gels and immunoblotted (43) . Antibodies to MnSOD (BD Biosciences), histone H3K9me1 (Invitrogen), and actin (Millipore) were used to chart enrichment of organelles in different fractions. Signals for p19
Arf and p15 smArf , simply indicated at the left as Arf, were aligned for convenient illustration despite their different electrophoretic mobilities on denaturing gels. (E) p15 smArf localizes within the mitochondrial matrix. Purified mitochondria (42) were treated as described (23) with proteinase K to remove exposed proteins. Osmotic shock disrupted the OMM, and SDS solubilized the OMM and IMM to release matrix components. Lysates were subjected to immunoblotting by using submitochondrial markers including BCL2 (OMM), Opa1 (IMM and intramembrane space), and Prohibitin (inner matrix). Three primary MEF strains designated −3, −5, and −9 expressing smArf were analyzed in parallel on a single gel together WT Arf +/+ cells. reasoned that both p19 Arf and p15 smArf would be induced following infection of cells with a retroviral vector encoding mutant KRas (G12V). Indeed, the levels of each Arf protein were significantly increased by oncogenic KRas, but even under these conditions, synthesis of p15 smArf in WT Arf +/+ cells was barely detectable (Fig. 1B) . MEFs expressing smArf alone, like Arf-null MEFs (2), adapted a spindle-shaped morphology, lost contact inhibition, and overgrew one another following KRas transduction, implying that they were defective in tumor suppression (see below).
Enforced vector-mediated overexpression of smArf has been reported to reduce mitochondrial membrane potential and to trigger selective autophagy (mitophagy) (16, 18) through mechanisms that do not trigger cytochrome c release or loss of ATP production, and that depend on direct binding to the matrix protein p32 (gC1qR, C1QBP) (21) and on the autophagy regulators ATG5 and Beclin-1 (14), PINK1, and Parkin (22) . Unlike p19
Arf which is directed to the nucleolus and stabilized by NPM, the endogenously produced smArf protein is imported into mitochondria (Figs. 1C and 1D) , where it accumulates in the matrix and is protected from proteolysis by the outer and inner mitochondrial membranes (Fig. 1E) . Using previously applied methods to analyze mitochondrial functions (23) , studies with three independently derived primary smArf MEFs revealed that levels of oxygen consumption and ATP production were similar to those of WT MEFs and reversed defects observed in cultured Arf-null MEFs (Fig. S1 ). In contrast to the reported perturbations of mitochondrial membrane potential observed in response to enforced smArf expression following transient transfection or in stably transfected cells expressing inducible smArf (14, 18, 22) , endogenous smArf expression did not depolarize mitochondria in cultured MEFs or affect production of reactive oxygen species (Fig.  S1 ). Given that ectopically expressed smArf has to exceed some threshold level to damage mitochondria (14) , it is conceivable that potentially deleterious effects of smArf expression in mitochondria were adaptively counterselected during development of the smArf mouse strain.
SmArf Lacks Potent Antiproliferative, Tumor Suppressor Activity.
Although the exon-1β-coded segment of p19
Arf is both necessary and sufficient for interaction with Mdm2 and for p53 activation (12, 15) , we reasoned that smArf might still retain p53-independent tumor suppressive activity (24) (25) (26) . Wild-type MEFs accumulate p19
Arf during continuous passage and undergo p53-dependent senescence, as did MEFs of the M45A strain ( Fig. 2A) . In contrast, Arf-null MEFs do not senesce (2), a feature mimicked by MEFs of the smArf strain ( Fig. 2A) , implying that chronic smArf expression does not confer significant antiproliferative activity. Transducing immortalized Arf-null, but Trp53 wild-type, NIH 3T3 cells with retroviral vectors encoding green fluorescent protein (GFP) plus either p19
Arf , the smArfdeficient p19 M45A mutant, or p15 smArf again revealed that smArf alone was markedly deficient in inducing cell cycle arrest. Again, introduction of Arf M45A closely mimicked wild-type Arf in acutely arresting colony formation ( Fig. 2 B and C) . As confirmed in this experiment, Arf exon-1β alone had potent inhibitory activity, causing rapid G 1 phase arrest and stasis without cell death.
We next used a well-characterized in vivo model of BCR-ABL oncogene-induced acute lymphoblastic leukemia (ALL) to test the ability of p15 smArf and the p19 M45A mutants to act as tumor suppressors in living mice. In this system, pro/pre-B cells derived from the bone marrow of Arf-null C57BL/6 mice are transduced with retroviruses coexpressing the p185 ) were infected with GFP-expressing retroviral vectors encoding p19
Arf , p19
Arf-M45A , p15
smArf , or a 64-aa Arf exon-1β polypeptide. Cells were photographed for GFP fluorescence 48 h after infection. (C) Infected cells from four independent experiments were trypsinized, stained with propidium iodide, and analyzed in triplicate for DNA content; phases of the cell cycle were determined by flow cytometric measurement to record G0/G1 (2N), G2/M (4N), and S-phase fractions (between 2N to 4N). Error bars indicate ± SEM. induce ALL; and (v) inhibition of the BCR-ABL kinase with targeted drugs induces ALL remission, implying that persistent BCR-ABL signaling in the absence of Arf-dependent tumor suppression is required for tumor maintenance (27) (28) (29) (30) .
We generated p185 BCR-ABL -positive pro/pre-B cells from cultured bone marrow progenitors of wild-type, Arf-null, smArf, and M45A mutant mice (27, 31) , confirmed uniform expression of marker proteins (B-cell B220, vector-driven GFP or Luc) after vector transduction, and infused 2 × 10 5 donor cells per animal into cohorts of normal, unconditioned syngeneic mice. Notably, Arf-null, BCR-ABL-positive donor cells expand rapidly in vivo, increasing almost 10-fold in number every 3 d and killing all recipient mice within only 20 d (28-30) . Living mice were screened for luciferase activity (Fig. 3A) and monitored for typical signs of tumor development. Moribund mice were necropsied to confirm ALL involvement manifested by increased blood leukocyte counts, lymph node and splenic infiltration, and central nervous system meningeal invasion as described (28, 29) (Fig. 3B) . Donor BCR-ABL-positive, Arf-null donor cells rapidly induced ALL, whereas wild-type and M45A donor cells did not generate tumors during a 60-d observation period, indicating that p19
Arf alone was fully protective in this model ( Fig. 3 A and  B) . In direct contrast, mice receiving smArf-only donor cells expired rapidly with ALL. By comparison with mice that received Arf-null donor cells, the temporal accumulation of luciferasepositive smArf-expressing cells in vivo was slightly retarded (Fig. 3A) , but accompanying differences in survival were not significant (Fig. 3B) . Spleen weights in both cohorts were comparable (Fig. 3C) , but white blood cell counts were lower in mice that received smArf versus Arf −/− donor cells (Fig. 3D) . These findings do not preclude that smArf may retain some relatively modest tumor suppressive activity, albeit insufficient to prevent rapid ALL development.
Mice of the smArf Strain Do Not Manifest Focal Developmental
Anomalies Seen in Arf-Null Mice. Arf-null mice exhibit late embryonal and early postnatal persistence of the hyaloid vasculature in the vitreous of their eyes because of an abnormal proliferation of mural mesenchymal cells that envelop the hyaloid capillary vascular endothelium (32) . In wild-type mice, the hyaloid vasculature normally undergoes regression in the first weeks after birth to leave a clear avascular vitreous. However, in the Arf-null setting, aberrant accumulation of mural pericytes and development of a retrolental mass ultimately detaches the retina, which collapses into the lens and causes early postnatal blindness. Although Trp53-null mice on a C57BL/6 background exhibit certain strain-specific eye defects reminiscent of those observed in Arfnull animals (33), the extreme pathological manifestations that lead to blindness appear to be p53-independent (32) . As noted by others, the resulting ocular phenotype closely mimics persistent hyperplastic primary vitreous, a congenital disease of unknown etiology in children that can similarly erode the posterior lens capsule and lead to retinal detachment and blindness (34, 35) . The appearance of the accumulating mass within the vitreous of the developing eye depends on disruption of p19
Arfdependent suppression of platelet-derived growth factor-beta (PDGFβ) signaling within the hyaloid vasculature (35, 36) , so that targeted disruption of PDGF receptor-β signaling in the eye rescues blindness (37) . By use of an optokinetic system that depends on reflexive head movement in the direction of a rotating visual field (38) , functional and quantitative measurements of visual acuity allow any underlying histopathological defects to be prospectively identified (37) . Arf-null mice lacking both p19
Arf and p15 smArf and M45A mutant mice lacking only p15 smArf were blind, whereas mice expressing smArf alone exhibited no detectable visual defects (Fig. 4A) . Unexpectedly, then, p15 smArf , rather than full-length p19 Arf , rescues the Arfnull eye phenotype.
Young Arf-null male mice are fertile, but they experience premature loss of sperm as they age (37, 39) . In the testes of young males, expression of the p19
Arf protein is restricted to mitotically dividing spermatogonia that line the inner seminiferous tubules, but once these cells detach from the basement membrane and enter meiotic prophase as intratubular spermatocytes, Arf expression is completely extinguished (39); as expected, smArf and M45A mice also express Arf proteins in spermatogonia but not in intratubular meiotic cells (Fig. 4B) . Notably, spermatocytes that arise from p19 Arf -deficient spermatogonia fail to properly correct synaptonemal DNA damage during prophase I, leading to a p53-dependent DNA damage response that eliminates meiotic progenitors during pachytene (39) . Although the general paradigm for Arf-induced tumor suppression depends on the ability of p19 Arf to antagonize Mdm2 and induce a p53 response, in seminiferous tubules it is instead the absence of Arf expression in mitotic progenitor cells that leads to DNA damage and p53-dependent apoptosis of their meiotic progeny. SmArf-only mice gain weight normally (Fig. 4C) , but the weights of their testes are significantly increased, in direct contrast to Arf-null mice in which testicular mass is reduced relative to that of wild-type animals (Fig. 4D) . Importantly, male smArf mice produce abundant sperm and maintain fertility as they age, in contradistinction to Arf-null and M45A mutant mice (Fig. 4E) .
It has long been appreciated that expression of p19 Arf (p14 ARF in humans) and p16 Ink4a , controlled by distinct promoters upstream of unique first exons, enlist strong tumor suppressive activities exerted by p53 and RB, respectively. Whereas the Arf exon-1β-coded N-terminal segment is sufficient to inhibit Mdm2 and activate p53, internally initiated p15 smArf also lacks sequences necessary for its NPM-dependent nucleolar sequestration and accumulates instead in mitochondria. Shared exon-2 of human ARF and INK4a, translated in alternative reading frames and encoding smARF amino acid residues as well, sustains frequent mutations in cancer. More than a decade ago, Itahana and Zhang (40) reported that 560 of 661 already documented cancer-derived alterations in exon-2 included 118 mutations that truncated the C terminus of both p14 ARF and p16
INK4a
, as well as 260-point mutations affecting both proteins, and 39 that targeted ARF alone. Some of these mutations are predicted to disrupt the binding of smARF to p32/C1QBP, required for smARF mitochondrial localization (21, 40) , raising the possibility that some such mutations target smARF function in tumors. However, mouse p15 smArf appears devoid of overt antiproliferative activity and was unable to limit oncogene-induced cell transformation, implying that cancer-associated exon-2 mutations likely target p16
INK4a or p14 ARF . Nonetheless, it remains surprising that expression of smArf in living mice corrects the focal phenotypes of Arf-null mice that lead to aberrant proliferation of mesenchymal cells in the hyaloid vasculature of the developing eye and that result in death of primary spermatocytes arising from Arf-null spermatogonial progenitors. Remarkably, these two p53-independent developmental phenotypes of Arf-null mice depend on p15 smArf alone. These unexpected findings further underscore the unusual structure and unprecedented complexities of the Ink4a-Arf (Cdkn2a) locus.
Materials and Methods
Subcellular Localization of Arf Proteins. Fractionation experiments were performed with three independently derived MEF clones of each indicated genotype, and subcellular components were recovered by differential centrifugation (41, 42) . All steps were performed at 4°C. Trypsinized MEFs suspended in 220 mM mannitol, 70 mM sucrose, 10 mM Hepes-KOH (pH 7.4) and containing a mixture of protease inhibitors (Sigma) were lysed by passage through a 30 gauge needle. Fractions enriched for various subcellular components were recovered by differential centrifugation and included discarded nuclei (600 × g, 10 min), crude mitochondria and heavy membranes (5,500 × g, 15 min), and cytosol (soluble supernatant cleared at 100,000 × g, 30 min). The crude mitochondria-enriched fraction was suspended in 250 mM mannitol, 5 mM Hepes (pH 7.4), and 0.5 mM EGTA, layered on 8 mL of Percoll, and ultracentrifuged in an SW41 rotor at 95,000 × g for 30 min. The pellet was suspended in 10 volumes of the same buffer and spun at 7,000 × g for 10 min to recover the mitochondrial fraction (MITO). Nuclear fractions were prepared by lysing cells for 30 min in 40 mM Hepes, pH 7.4, 120 mM KCl, 2 mM EGTA, 0.4% glycerol, 10 mM β-glycerophosphate, and 0.2% Nonidet-P40 (Nonidet P-40) containing a protease inhibitor mixture (Sigma). Nuclei were pelleted at 1,000 × g for 5 min, washed in the same buffer lacking Nonidet P-40, and resedimented. The pellet was suspended for 1 h in 10 mM Tris·HCl, pH 7.4, 1.5 mM KCl, 0.5% Triton X-100, 0.5% Na deoxycholate, 2.5 mM MgCl 2 , containing freshly prepared 0.2 mM LiCl and protease inhibitors. Nuclei were pelleted at 2,000 × g for 5 min, washed in the same buffer, and resedimented to yield the nuclear fraction (NUC). Fractionated organelles were lysed in SDS-containing polyacrylamide gel electrophoresis (PAGE) loading buffer, and equal amounts of protein loaded in each lane were separated on SDS/PAGE gels and immunoblotted by using a mouse monoclonal antibody (5C3-1) that detects an Arf exon-2-encoded epitope present in both full-length p19
Arf and truncated p15 smArf (20) . Antibodies to superoxide dismutase (mitochondria) (BD Biosciences), histone H3K9me1 (nuclei) (Invitrogen), and actin (loading control) (Millipore) were used to chart enrichment of organelles in different fractions. Following described procedures (23), isolated mitochondria were treated with proteinase K to digest exposed proteins; osmotic shock was used to disrupt the outer mitochondrial membrane (OMM); and SDS was then used to disrupt both the OMM and inner mitochondrial membranes (IMM). Fractions were subjected to immunoblotting by using marker proteins indicated in Fig. 1 . For immunofluorescence, cells were treated with membrane-permeable MitoTracker (green) (Invitrogen), fixed, stained with 5C3-1 monoclonal antibody to p19 Arf followed by goat anti-rat Ig (red), and counterstained with DAPI (blue)
to visualize nuclei.
Cell Proliferation Assays. MEFs harvested from midgestation embryos of different mouse strains and cultured as described (43) were expanded on a 3T3 protocol (44) as indicated in Fig. 2 . Subconfluent Arf-null NIH 3T3 cells were infected with GFP-expressing mouse stem cell ecotropic retroviral vectors (MSCV) (43) encoding either p19 Arf , p19
smArf , or a 64-aa Arf exon-1β polypeptide and scored 48 h after infection. , P < 0.005; WT vs. smArf, nonsignificant by two-tailed t test] were recorded from birth to age 6 mo. Error bars indicate ± SEM; color code in C-E as in A.
Analysis of Arf-Dependent Developmental Phenotypes. The overall weights of mice of the different indicated genotypes, the weights of testes, and numbers of sperm recovered from the epididymides were recorded from birth to age 6 mo. Immunofluorescence of testes sections from 3-to 4-wk-old mice was performed (39) to detect Arf-positive spermatogonia rimming the inner seminiferous tubules; detached intratubular Arf-negative meiotic cells were revealed with DAPI.
Visual acuity of mice was performed as described (37) by using an OptoMotry virtual task system (Cerebral Mechanics) (38) . In brief, mice placed on an elevated stage are exposed to a rotating drum that reveals a computergenerated pattern of interspersed white and black bars of defined periodicity. The visual capability of each eye is measured by the unrestrained mouse's reflexive head turning response as the direction of the surrounding drum rotation is randomly changed. Increasing the spatial periodicity of the grated white and black bars limits the subject's ability to respond to the stimulus, allowing quantitative measurement (38) . Each alternating white and black bar is defined as a cycle, and the maximal spatial frequency capable of driving reflexive head tracking is numerically scored as cycles per degree.
BCR-ABL ALL Model. All animal experiments were performed according to NIH guidelines and Institutional Animal Care and Use Committee-approved protocols. Pro/pre-B donor cells cultured from the bone marrow cells of C57BL/6 mice (27, 31) of the indicated Arf strains were infected with MSCV vectors encoding the human p185 BCR-ABL oncoprotein together with either luciferase or GFP expressed from an internal ribosomal entry site and packaged with ecotropic gp70 envelope proteins into virions. GFP was used to document retroviral vector-mediated infection of cultured pro/pre-B cells and luciferase for imaging of live mice that received donor cells. Infected cells (2 × 10 5 per recipient animal) were infused into the tail veins of cohorts of syngeneic C57BL/6 recipient mice that were followed for signs of leukemia development (increased luciferase signals, ruffled fur, hunched posture, hind limb paralysis, seizures, respiratory distress) and confirmed at necropsy (elevated peripheral blood lymphocyte counts, enlarged lymph nodes and spleen, tumor dissemination to liver, spine, brain meninges) as described in detail (27) (28) (29) . Statistical comparisons of results obtained with different cohorts were determined by two-tailed t test.
